ABSTRACT. Simple, efficient, and economical recombinant plant binary expression vectors for deciphering large-scale functional genomic research in plants and promoting crop improvement by genetically engineering and biotechnology is in great demand. In this research, using the pCHF3, pCAMBIA1301, pCAMBIA3300, pCAMBIA3301 vectors, we successfully constructed general plant binary expression vectors carrying CaMV35S and Arabidopsis rd29A promoters mediating multiple cloning sites (MCS: SacI, KpnI, SmaI, BamHI, XbaI, SalI, and PstI). Meanwhile, a series of applicative binary expression vectors that can be utilized for subcellular localization were constructed by fusion of the MCS and eGFP. Subsequently, the recombinant vectors were successfully transferred into Arabidopsis thaliana and Nicotiana benthamiana for further investigation of functional elements in these plant binary expression vectors. Our results demonstrated that this system was a convenient and versatile vector system for phenotypic, functional, subcellular localization, and promoter activity analysis, and it provided a relatively high-efficiency and reliable platform for researchers in vector construction and may facilitate large-scale functional genomics analysis in plants.
INTRODUCTION
With the development of high-throughput sequencing and complete genome sequencing from many organisms, we have entered to a post-genome era (Wang et al., 2013) . Conventionally, two ways to investigate the gain of function and loss of function of target genes are to create transgenic plants via overexpression and knockout or knockdown, respectively (Curtis and Grossniklaus, 2003; Zhang et al., 2006) . Several approaches can be employed in gene knockout or knockdown, such as transfer (T)-DNA insertion (Krysan et al., 1999) , RNA silencing (Yan et al., 2012) , and the emerging technologies transcription activator-like effector nucleases (TALENs) (Li et al., 2011) and zinc-finger nucleases (ZFNs) (Gaj et al., 2013) . When it comes to overexpression, the demand for functional identification and characterization of candidate genes, as well as the way in which they interact, is increasing. The construction of an expression vector is usually the first step in obtaining overexpression or ectopic expression. In these circumstances, convenient, efficient, and high-throughput expression vectors are desired; using these vectors, foreign genes are introduced into plant cells and stably integrated into plant genomes, and the transformed cells are regenerated to obtain transgenic plants for further investigation. However, gene manipulation and modification in plants have already experienced the bottleneck problem for large-scale functional genomic research (Wang et al., 2013) . Thus, developing an efficient, convenient, timely, and cost-saving approach for gene manipulation has become compulsory for researchers.
Collective efforts of several laboratories in the past two decades resulted in new approaches, such as the Gateway cloning system, the Creator cloning system, the ligation-independent cloning (LIC) system, and TA-based expression system (Curtis and Grossniklaus, 2003; Earley et al., 2006; Chen et al., 2009; Rybel et al., 2011; Wang et al., 2013) . High-throughput gene construction based on these technologies is widely used by researchers. However, several limitations of the approaches cannot be ignored. The Gateway cloning system and Creator cloning system, two-step manipulations, continue to be time and labor consuming, and the patented BP and LR enzymes are very expensive, which reduces their application in relatively small laboratories and laboratories without sufficient grants. At the same time, the long primers containing the specific attachment site (att) occasionally add weight to the difficulty of gene amplification (Rybel et al., 2011; Wang et al., 2013) . Despite the obvious advantages of the LIC cloning as a single-step method to clone in a moderately high-throughput fashion, there are still two obvious drawbacks to the system. The most obvious downside is that every fragment needs to be sequenced when used in different vectors, and another disadvantage is that cloned fragments cannot be recombined as with Gateway cloning (Rybel et al., 2011) . On the other hand, the conventional binary expression vectors, such as the pCAMBIA series and pBI121, lack convenient and appropriate restriction enzyme digestion sites, promoter, and terminator, have a relatively high false-positive rate in transformants when the nptII gene was utilized as a selective marker in plants, or are not suitable for some transgenic plants because of their antibiotic selective marker (Chen et al., 2002 (Chen et al., , 2009 . Although the pCAMBIA vector series is not the most suitable as the backbone from the manufacturer because most pCAMBIA vectors are over 12 kb in size, which can add difficulty to the molecular manipulation and ligation efficiency, many researchers are still employing them by remodeling (Chen et al., 2009; Wang et al., 2013 ) .
Obviously, exploiting conventional and economical restriction enzymes for gene recombination is always the direct, simple, and efficient method and is widely used by researchers, especially in developing countries. Thus, employing multiple cloning sites (MCS) driven by cauliflower mosaic virus 35S promoter (CaMV35S) stands out when performing gene manipulation and overexpression in plants. In some cases, transgenic plants expressing a signal transduction pivotal knot or coordinator in a gene expression network, such as transcription factors, phosphatases, kinases, or some other genes driven by the CaMV35S promoter, can cause pleiotropic effects (Kasuga et al., 1999) . For example, transgenic Arabidopsis overexpressing the DREB1A gene causes growth retardation even under normal growth conditions (Kasuga et al., 2004) . Additionally, transgenic tomato overexpressing the CBF1 gene also showed the dwarf phenotype under unstressed normal growth conditions (Hsieh et al., 2002; Kasuga et al., 2004) . To some extent, using a stress-inducible promoter to replace a constitutive promoter such as CaMV35S to drive gene expression in transgenic plants could minimize the negative effects on plant growth (Kasuga et al., 2004) . To overcome it, the Arabidopsis rd29A promoter has been predominantly used all over the world. Additionally, the rd29A promoter is a drought-, cold-, and abscisic acid (ABA)-inducible promoter with a dehydrationresponsive element and an ABA-responsive element (Wang et al., 2011) .
The green fluorescent protein (GFP) of jellyfish (Aequorea victoria) is one of the most popular reporter domains because of its small size (238 amino acid residues), no requirements for substrates and co-factors, activity as a monomer, stability in a broad range of buffers and temperatures, and relative harmlessness when illuminated in living cells (Stanisławska-Sachadyn et al., 2006) . The enhanced GFP (eGFP) has increased fluorescence and is more suitable for long-term time-lapse imaging in plant live-cell imaging because it is less sensitive to photobleaching. As another competitive reporter system, the β-glucuronidase reporter gene (GUS) system has become a powerful tool to assess gene and promoter activity and gene expression patterns in plants because there is no detectable GUS activity in higher plants, fungi, and most bacteria (Jefferson, 1987; Jefferson et al., 1987) .
To develop an easier system for overexpression in plants, we used pCAMBIA-based vectors (pCAMBIA1301, pCAMBIA3300, and pCAMBIA3301), which contain high copy numbers and individual exogenous marker genes (Hyg, Bar, or GUS), as the backbone to construct three intermediate vectors (pCHF1301, pCHF3300, and pCHF3301) that include the CaMV35S promoter, MCS, and Arabidopsis rubisco small subunit (RbcS) terminator between the EcoRI and HindIII sites from the pCHF3 vector (Yin et al., 2002) . Furthermore, we adopted overlapping polymerase chain reaction (PCR) to obtain the MCS and eGFP fusion expression cassette under control of the CaMV35S promoter, leading to a simpler fusion expression operation in a subcellular expression vector by inserting the target cDNA into this set of subcellular expression vectors via regular restriction enzyme digestion. Additionally, we derived six binary vectors that were driven by the Arabidopsis rd29A promoter and exploited these for stress-inducible gene expression in plant transformation.
In this system, a set of stable gene expression constructs was made by conventional PCR amplification, restriction enzyme digestion, and ligation. Then, some gene constructs for constitutive and stress-inducible expression, protein subcellular localization, and promoter activity investigation in transgenic plants were successfully generated. With the appropriate restriction sites, PCR products for enzyme digestion and ligation can be manipulated directly and conveniently. What's more, a non-stop codon cDNA fragment can be cloned directly into a construct for eGFP fusion expression. The pCHF3300 and pCHF3301 series vectors containing the Bar gene can be directly used in genetically modified plants, specifically in dicotyledons, such as soybean, cotton, alfalfa, and canola. Additionally, the vector system could be used for complementary stable expression for T-DNA insertion mutation lines with different reporter genes. Compared with the Gateway and other expression systems, our results demonstrated that the expression system in this study is a convenient and versatile vector system, and it provides a relative high-efficiency, cost-saving, and reliable platform for gene construction, especially for researchers in small laboratories or developing countries. It may also facilitate large-scale functional genomics analysis in plants.
MATERIAL AND METHODS

Plant and plasmid materials, growth conditions, and plant transformation
The Nicotiana benthamiana, Arabidopsis thaliana (Columbia ecotype, Col-0), and pCHF3, pMD18T-eGFP, pCAMBIA1301, pCAMBIA3300, and pCAMBIA3301 vectors are available from the Integrated Pest Management Laboratory, College of Plant Science, Jilin University. Standard molecular manipulations were performed to make all the constructs. All the intermediate vectors derived from PCR products were characterized by restriction enzyme digestion and sequencing by Invitrogen Corperation. All primers used in this study are shown in Table 1 . Wild-type (WT) A. thaliana and N. benthamiana plants that were used for transformation were grown in the greenhouse under the following controlled environmental conditions: 21 to 23°C, 100 μmol photons·m -2 ·s -1 , 60% relative humidity, and 16 h light/8 h dark (Yang et al., 2012) . For GUS staining detection, sterile transgenic A. thaliana seeds were germinated on semi-solid Murashige-Skoog (MS) medium supplemented with 0.8% sucrose, pH 5.8, and plants were examined after 2 weeks of growth. BamHI, XbaI, SalI, and PstI) and rbcS terminator coding sequences controlled by the preferential core CaMV35S promoter were constructed as follows. The foreign fragment of 35S-MCS-rbcS was cleaved from the pCHF3 vector between the EcoRI and HindIII sites and then was ligated into the pCAMBIA1301, pCAMBIA3300, and pCAMBIA3301 vectors that were digested with EcoRI and HindIII. The resulting plasmids were confirmed by enzyme digestion and sequencing, and they were named pCHF1301, pCHF3300, and pCHF3301.
To replace the constitutive CaMV35S promoter with a strong stress-inducible Arabidopsis rd29A promoter (Yamaguchi-Shinozaki and Shinozaki, 1994) , an rd29A promoter fragment was obtained by PCR amplification from Arabidopsis DNA with a pair of primers, pRD29A-1 and pRD29A-2 (Table 1) , and inserted into the EcoRI/SacI-digested plasmids that were constructed above. The resulting plasmids were confirmed by enzyme digestion and sequencing, and they were named pCR-1301, pCR-3300, and pCR-3301.
Construction of 35S-or rd29A-based subcellular localization vectors
To investigate the subcellular localization of candidate genes, a set of subcellular localization vectors were obtained. Generally, an eGFP gene coding sequence was amplified with two flanking primers (OL-3 and OL-4) from pMD18T-eGFP, while CaMV35S was obtained with primers OL-1 and OL-2 from pCHF3. Subsequently, two overlapping primers (OL-1 and OL-4) were used for overlapping PCR, and the resulting segment was named CaM-V35S-eGFP. After digestion by EcoRI/PstI, the PCR fragment CaMV35S-eGFP was inserted into the EcoRI/PstI-digested intermediate plant expression vectors pCHF1301, pCHF3300, and pCHF3301 to produce C-terminal eGFP-fused expression vectors. The resulting plasmids were confirmed by enzyme digestion and sequencing and given the names pCG1301, pCG3300, and pCG3301. A PCR mixture of approximately 25 μL (18.0 μL ddH 2 O, 2.5 μL 10X PFU PCR buffer, 1 μL 10 mM dNTP mixture, 1 μL of each PCR primer, 0.5 μL 5 U/μL PFU DNA polymerase, and 0.5 μL Arabidopsis DNA and pCHF3 plasmid template) was used for PCR amplification, which followed the following reaction procedure: 10 min at 94°C for pre-denaturation; 5 cycles of 30 s at 94°C for denaturation, 30 s at 45°C for primer annealing, and 3 min at 72°C for extension; 10 min at 94°C; and 25 cycles of 30 s at 94°C for denaturation, 45 s at 57°C for annealing, and 4 min at 72°C for extension.
To substitute the constitutive CaMV35S promoter with the strong stress-inducible rd29A promoter, a similar procedure was performed as described before, and the final plasmids were confirmed by enzyme digestion and sequencing, and they were named pCRG1301, pCRG3300, and pCRG3301.
GUS and GFP assays
The destination constructs pCHF1301, pCHF3301, pCR1301, pCR3301, pCG1301, pCG3300, pCG3301, pCRG1301, pCRG3300, and pCRG3301 were introduced into Agrobacterium tumefaciens EHA105 based on the protocol established (Weigel et al., 2006) . In order to obtain stably transformed Arabidopsis plants (T3 homogenous lines), the binary expression vector pCHF1301 and pCHF3301 carrying a GUS reporter gene driven by the CaMV35S promoter were transformed into A. thaliana (Col-0) by the floral dip method, and positive transformants were selected on MS medium containing 25 mg/L hygromycin (Hyg) B, and by spraying Basta under controlled environmental conditions as described previously, respectively (Zhang et al., 2006; Peters et al., 2010) . All of the Arabidopsis transformants were characterized by PCR with primers Hyg-F and Hyg-R, and Bar-F and Bar-R, respectively. To perform transient expression, intact leaves of 4-week-old N. benthamiana plants were infiltrated with A. tumefaciens strain EHA105 harboring all corresponding constructs (Yang et al., 2012) .
The GUS assay was performed as previously described with a slight modification (Jefferson, 1989; Liu et al., 2010) . Infiltrated N. benthamiana leaves were detached 3 days post-agro infiltration and put into GUS staining buffer [50 mM phosphate buffer, pH 7.0, 10 mM Na 2 EDTA, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , and 0.1% X-Gluc (w/v)] and then incubated for 12 h at 37°C in the dark with continuous gentle shaking. Leaves were then washed in ddH 2 O when blue color appeared and placed into 75% ethanol to fix and remove chlorophyll. The photographs were taken using stereoscopic zoom microscope Nikon SMZ1500 and Canon digital camera EOS 550D. The GUS assay of T3 homogenous transgenic Arabidopsis (harboring pCHF1301 and pCHF3301) was performed identically.
To investigate the compartment preference and dynamics of the MCS-eGFP fusions in transgenic plants, a variety of Agrobacterium strains harboring pCG1301, pCG3300, pCG3301, pCRG1301, pCRG3300, and pCRG3301 are available for transient expression in N. benthamiana. The infiltrated 4-week-old N. benthamiana leaves were detached 3 days postagro infiltration, and the localization of GFP in leaves was observed at 488 nm using a confocal laser scanning microscope (Olympus Fluoview FV1000) for transient expression analysis according to a previously reported method (Yang et al., 2012) .
RESULTS
Constructions of 35S-and rd29A-based expression vectors for stable expression, stress-inducible expression, and subcellular localization
Utilizing conventional and economical restriction enzymes, we successfully obtained a set of novel intermediate plant binary expression vectors containing the MCS under the control of the CaMV35S promoter. All of the resulting vectors (pCHF1301, pCHF3300, and pCHF3301) were confirmed by PCR, restriction enzyme digestion, and sequencing, and schematic diagrams of all three constructs are shown (Figure 1) . Specifically, the KpnI site is not unique in pCHF3300, and the KpnI and SalI site are not uniquely present in pCHF3301 because identical digestion sites are present in the sequence of the selective markers.
The CaMV35S (930 bp), eGFP (765 bp), and 35S-MCS-eGFP (1640 bp) PCR products, which contain additional sequence, were amplified by overlapping PCR using the proofreading Pfu DNA polymerase (Fermentas Co., China) and inserted into the EcoRI/PstIdigested plasmids (pCHF3301, pCHF3301, and pCHF3301) (Figure 2 ). The resulting vectors (pCG1301, pCG3300, and pCG3301) were shown in Figure 1 . Constructs of candidate genes for subcellular localization could be generated by direct amplification of DNA fragments without a stop codon, followed by restriction enzyme digestion at appropriate sites, ligation, and one-step transformation.
The Arabidopsis rd29A promoter was successfully amplified from Arabidopsis DNA by PCR with Pfu DNA polymerase and cloned into the pCHF and pCG series binary vectors to replace the CaMV35S promoter at the corresponding EcoRI/SacI site. The resulting vectors were designated as pCRG1301, pCRG3300, pCRG3301, pCR1301, pCR3300, and pCR3301 (Figure 1) .
Complete sequences for resulting vectors were then regenerated and deposited in the GenBank database. All the accession numbers are available in Table 2 . 
Measuring eGFP fluorescence by a transient expression system
Series of Agrobacterium transformants containing eGFP driven by CaMV35S or rd29A promoter vectors were infiltrated into N. benthamiana epidermal cells for transient expression to investigate eGFP fluorescence, and the eGFP fluorescence was consistently and significantly localized in all subcellular compartments without preference . As shown in Figure 3 , the fluorescence driven by the rd29A promoter in transient expression in N. benthamiana was weaker than the fluorescence driven by the CaMV35S promoter. This might be because rd29A is a strong stress-induced promoter, and it can also drive gene expression under normal conditions with slight activity. There was no significant difference in observations of fluorescence in the recombinants with CaMV35S-MCS-eGFP (Figure 3) . 
DISCUSSION
The conventional and economical restriction enzyme digestion method for gene recombination is very simple, highly efficient, and easy to manipulate. In this study, we developed and validated a set of binary vectors for plant functional genomic research. Our results demonstrated that this system is highly efficient for phenotypic analysis, subcellular localization, promoter activity analysis, and stable and stress-inducible expression. In our system, we introduced the CaMV35S-MCS-rbcS fragment into the pCAMBIA-based expression system, which contains replicons for both Escherichia coli and Agrobacterium tumefaciens with either Hyg or Bar as the selective marker in plants. Furthermore, we developed vectors for subcellular localization analysis by inserting eGFP gene fusions in the C-terminus of the MCS, and there is an essential (G-S-G) 2 linker between the MCS and eGFP to avoid changing the eGFP conformation (Stanisławska-Sachadyn et al., 2006) . To provide strong fluorescence, we employed the eGFP reporter marker, which is between 20-and 35-fold more intense and stable than GFP (Cormack et al., 1996) . More interesting and useful, the vector system with different reporter genes could be used to provide compatible vector combinations for generating transgenic plants that co-express two or three candidate genes. In addition, on this basis, we developed more vectors by replacing the CaMV35S promoter with the Arabidopsis rd29A promoter for stress-inducible expression of genes of interest, which could cause severe growth retardation and pleiotropic effects under a strong and constitutive CaMV35S promoter. The expression of eGFP and GUS reporter genes in the plant binary expression vectors was investigated, and the expression efficiency demonstrated that our vector system is efficient for subcellular localization and promoter analysis.
Although using restriction enzymes to generate constructs is efficient, self-ligation cannot be ruled out because of the potential for incomplete enzyme digestion. The size of these plasmids is also a limiting factor that affects the ligation efficiency. It has been reported that the efficiency of in vitro recombination procedures is inversely proportional to the size of the vector (Wang et al., 2013) . In particular cases, another limitation of these expression vectors (driven by the CaMV35S promoter) is that they are mainly useful in dicot plants (Cornejo et al., 1993) .
To analyze thoroughly this set of vectors, we have developed a simple, rapid, and reliable method to make constructs for stable and stress-inducible expression for phenotypic, functional, subcellular localization, and promoter activity investigation. Thus, our system proves to be promising for large-scale analysis of plant functional genomics.
